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ABSTRACT
This study describes the comparisons of path interval determinations and two tool condition parameters in ball
and filleted end milling. The selection of tool and its machining conditions is an ever-present challenge inherent in
milling process. After the path interval determinations were explained briefly, the characteristics of each procedure
were revealed with experimental verifications. The results of computational procedures showed good agreement
with the experimental ones. Then, predominant frictional distance and cutting speed were proposed for effective
selection of machining conditions. The discussion was given based on the results obtained from the demonstrations. Moreover, the relationships to path interval were elucidated in connection with a predictable or constantranging variation tendency. In conclusion, several findings contributable for the process planning were organized
from the experimental and numerical evidences.
Keywords: path interval, tool condition parameter, machining condition, ball end mill, filleted end mill.

INTRODUCTION
Milling process is one of the widespread manufacturing technologies [1]. Numerical control
machines such as machining center have been developed to automate the manufacturing processes.
Computer-aided technologies have consistently
assisted and contributed to the developments, and
it is undoubted that advanced manufacturing have
been created owing to these use [2]. Computeraided design (CAD) offers digital, creative environment of attractive products to users. A digital
model created using CAD is a basic design in the
following product manufacturing such as Computer-aided manufacturing (CAM) [3]. In process
planning with CAM, there are a variety of machining parameters to maintain a proper state in
milling process. In addition, it should be careful
that these parameters affects surface quality, machining accuracy, manufacturing efficiency, and
so on [4–7]. Tool path generation is one of the
condition-setting processes. CAM is commonly
used in tool path generation especially for multiaxis machine tools [8–11].

Path interval determination is a part of tool path
generation, and it is well known that path interval
is a dominant factor to control the balance between
manufacturing efficiency and machined surface
feature. A large number of studies related to path
interval determination have been carried out from
theoretical and practical perspectives to advance
milling process. Most of the studies focuses on
ball end milling [12–14]. The path interval can be
calculated through solving an intersection problem
between a designed shape and a cutting edge of
ball end mill [15, 16]. To extract the intersection
problem, an arbitrary section is instantaneously introduced according to machining state.
There are the other tool geometries. A tool
with flat or filleted shape is typically used in practical milling because of its high material removability, whereas geometrically elaborate treatment
is required in the path interval determination. To
our knowledge, the two kinds of procedures have
been available to obtain a path interval in flat end
milling. The one employs two dimensional procedure similar to that in ball end milling, and it
considers a cutter profile on an imaginary section
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introduced geometrically [17–19]. The other relies on three dimensional expression of milling
process, and it is unavoidable in increasing computational cost and complexity [20, 21].
There are the similar research directions in
filleted end milling. A few studies with the path
interval determination raise a two dimensional intersection problem considering a relationship between designed shape and cutting edge projected
instantaneously onto an arbitrary section [22–24],
whereas the related studies are mostly based on
three dimensional expression designed mainly
for a computational procedure to overcome mathematical complexities [25–27]. Among them, a
procedure with remarkable characteristics was
reported to determine a proper path interval in
multi-axis filleted end milling [28].
On the other hand, path interval determination has been considered so far only for controlling a scallop height on machined surface. The
viewpoint is really important, while the related
research works have implied that an influence of
the other factors could not overlook in multi-axis
end milling [29–31]. To optimize a milling state or
machine surface’s quality, research findings have
been reported from various perspectives such as
machining parameters [32, 33], dynamic parameters [34], tool properties [35], and workpiece properties [36]. However, the relationships between
each factor and path interval determination have
been untouched so far in this field of research, so
that it would be extremely difficult to compare this
study with the related studies. In other words, there
still remain inestimable unclear and unrecognized
things concerning the relationships.
The purpose of this study is to investigate the
relationships between machining factors and path
interval determination in end milling. Especially,
this study focuses on frictional distance and cutting speed in ball and filleted end milling. The
comparisons will be made to provide the practical
findings for effective tool selection. The discussion will also be given based on the results obtained from the demonstrations. In conclusion,
several outcomes will be organized from the experimental and numerical evidences.

verify the theoretical expressions in path interval
determinations. Hereafter, assuming, for simplicity, that milling process is performed on a plane.
In addition, the tool diameters were selected from
the commonly-used sizes of both end mills having two straight cutting edges. Although ball end
milling was performed without tool inclination,
filleted end milling was conducted with tool inclination. The unit of tool inclination angle is expressed as deg. to aid an intuitive understanding.
The theoretical calculation in ball end milling
A path interval is usually defined as a crossfeed distance between adjacent tool paths. Unlike
the definition, this study sets L/2 as a notation of
path interval denoting a unilateral distance from
a tool center point to a section assumed situationally to measure scallop height h. Figure 1 shows
several valuables related to path interval determination in ball end milling. Given that ball end mill
with tip radius R moves along a trajectory of the
tool center point to create a designed shape and h
is predetermined, L/2 is given as follows:
𝐿𝐿𝐿𝐿
(1)
= �2𝑅𝑅𝑅𝑅ℎ − ℎ2
2

This path interval determination refers to [15,
16]. The path interval can be obtained through
solving an intersection problem on an instantaneous section. Tool inclination angle does not
affect path interval determination since the tool
tip geometry of ball end mill is a hemisphere projected onto the assumed section.

PATH INTERVAL DETERMINATION
This section theoretically describes path interval determinations in both ball and filleted end
milling. Then, the experiments were performed to
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Fig. 1. A geometrical relationship between
L/2 and h in ball end milling
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Fig. 2. Several radii and a tool inclination
angle θ in filleted end milling

The computational procedure
in filleted end milling
The remarkable algorithm was proposed for
path interval determination in filleted end milling [28]. The procedure is employed in this study.
In the algorithm, filleted end milling with a tool
inclination is performed along a tool feed direction and on a plane to create a designed surface.
Figure 2 shows several radii, i.e. R, Rb, and Rcr,
of filleted end mill with a tool inclination along
a tool feed direction. A tool inclination angle θ
is also given in the figure. A torus is theoretically
used to extract the characteristics of cutting edge
geometry. With reference to [25], the step-by-step
procedure was described in detail. The algorithm
was improved, and the pseudo code was also
demonstrated in our recent study [28]. After L/2 is
obtained as a result of iterative calculations, total
path interval L can be given as the summation of
adjacent path intervals L/2.

R = 3.0, 5.0, 6.0, and 7.0 mm. Each corner radius
Rcr in filleted end milling was 1.0, 1.0, 2.0, and 3.0
mm. A synthetic wood, SANMODUR MH-E, was
used as a material to be machined. The material
was clamped on a vice attached to the machine’s
table. Table 1 shows milling conditions in each ball
end mill. In the table, condition B1a means tool
number 1 with scallop height 0.05 mm in ball end
milling. Accordingly, scallop height 0.10 mm is set
in condition B1b. The others are also in the same
manner. In contrast, Table 2 displays milling conditions in each filleted end mill. In the name of each
condition, F means filleted end milling, and these
conditions were given in accordance with the similar manner to the ones in ball end milling. These
conditions were cautiously determined based on
the results of preliminary investigations.
As shown in Figure 4, scanning-line tool
paths from one direction were prepared according
to each experimental conditions. With these motions, each path interval L/2 was computationally
determined a priori. In filleted end milling, scallop height h was set as 0.05 and 0.10 mm. The
milling processes in each experimental condition
were performed three times to investigate the repeatability of machined surface feature.

Experiments
Milling machine, PSF550-CNC, was used for
experiments to verify the theoretical and computational approaches mentioned above. The appearance is given in Figure 3. The spindle has tilting
mechanism, and the tilting range is available from
-30 to 90 deg. In filleted end milling, tool inclination angle q was properly adjusted in accordance
with each experimental condition. Ball end mills
(2BE) and filleted end mills (2RBE) were made by
FUKUDA SEIKO Co., Ltd. They were individually attached to the milling machine’s spindle in
each experiment, and each radius of both tools was

Fig. 3. CNC milling machine
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Table 1. Experimental conditions in ball end milling
Parameters
Tool radius R [mm]

Cond.
B1a

Cond.
B1b

Cond.
B2a

Cond.
B2b

Cond.
B3a

Cond.
B3b

Cond.
B4a

Cond.
B4b

3.0

3.0

5.0

5.0

6.0

6.0

7.0

7.0

Tool rotational speed S [min ]

1400

1400

1400

1400

1200

1200

1200

1200

Feed rate F [mm/min]

100

100

100

100

100

100

100

100

Scallop height h [mm]

0.050

0.100

0.050

0.100

0.050

0.100

0.050

0.100

Path interval L/2 [mm]

0.545

0.768

0.705

0.995

0.773

1.091

0.835

1.179

-1

Table 2. Experimental conditions in Filleted end milling
Parameters
Tool radius R [mm]
Tool tip radius Rer [mm]
Tool rotational speed S [min-1]

Cond.
F1a

Cond.
F1b

Cond.
F2a

Cond.
F2b

Cond.
F3a

Cond.
F3b

Cond.
F4a

Cond.
F4b

3.0

3.0

5.0

5.0

6.0

6.0

7.0

7.0

1.0

1.0

1.0

1.0

2.0

2.0

3.0

3.0

1400

1400

1400

1400

1200

1200

1200

1200

Feed rate F [mm/min]

100

100

100

100

100

100

100

100

Scallop height h [mm]

0.050

0.100

0.050

0.100

0.050

0.100

0.050

0.100

Path interval L / 2 [mm]

1.442

1.879

2.090

2.843

2.115

2.884

2.140

2.924

After the experiments, a specimen was cut out
to measure a scallop height on a machined material.
The cut-out part can be identified as a hatched area
in Figure 5. Optical microscope (Mitutoyo TM-505)
was exhibited in Figure 6 as an example of the observation and measurement after experiment. The
scallop height was measured based on the observed
image after the cut-out specimen was set on the stage
of microscope. The measurements were made three
times to achieve an average in each experimental
condition. Then, these values were compared with
the theoretical and computational ones.

Fig. 4. A schematic illustration of tool path
and machined region in experiment

314

Results and verification
Figures 7 and 8 show the experimental results in ball and filleted end milling. In both figures, each white bar graph with error bar indicates the average scallop height calculated using
three experimental results in each condition. In
contrast, each blue bar graph represents the computational value obtained using the above formula or procedure in each condition. The x axis
on the graphs is labeled with tool radii used in
experiments. The y axis on the graph is also labeled with scallop height h [mm]. From these results, computational values showed good agreement with experimental values. The differences
were within plus or minus 0.05 mm at most. It
means that the theoretical and computational

Fig. 5. A machined material before
preparing a cut-out specimen
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Fig. 6. An example of measuring a cut-out specimen

approaches proposed in this study can provide
accurate estimations in each path interval determination. Moreover, the computational approach could offer predicted values with high
accuracy even if the filleted end mill with different corner radius was used in each experiment.
From Table 1 and 2, filleted end mill enables us
to set more than twice the path interval, compared with the one in the corresponding radius
of ball end mill. There were a little differences

in this tendency. The increasing rate enlarged as
the corner radius decreased in filleted end mill.
When a scallop height was set to double value
in the corresponding radius, the path intervals
were given as about 1.4 times the values in ball
end milling. The ratios of determined path intervals had similar tendency with practically considerable differences in filleted end milling. In
all comparable cases, they were slightly smaller
than the ones in ball end milling.

Fig. 7. Experimental verification of path interval determination in ball end milling for each tool radius

Fig. 8. Experimental verification of path interval determination in filleted end milling for each tool radius
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TOOL CONDITION PARAMETERS
This section describes tool condition parameters focusing especially on frictional distance
and cutting speed in end milling. It is pointed out
that the two parameters have direct influence on
tool life [37]. Accordingly, the careful treatment
is crucially necessary in determining cutting conditions. The theoretical procedures will be proposed based on the findings obtained previously
in the related study [38]. Note that the demonstrations are targeted at one cutting edge during
one rotation of a tool. The total value of frictional
distance can be effortlessly obtained through calculating the summation. It is fact that a frictional
distance of cutting point makes trochoid in end
milling, whereas the influence is negligible when
a feed length per cutting edge is small compared
with tool radius. This study applied the approximate calculation to obtain a frictional distance of
cutting point in end milling.
Predominant frictional distance
and cutting speed
Ball end milling with the variables related to frictional distance and cutting speed is
shown in Figure 9. Hereafter, we separately
consider the first tool path and the subsequent
ones in feed direction. For clarity, path number
is added to all variables used below. Specifically, the number in parenthesis indicates path
number, and the number 2 means the second
tool path or above. From the drawing, αtz and
Rtz are given as follows:
𝑅𝑅𝑅𝑅 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
(2)
𝛼𝛼𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (1) =
𝑅𝑅𝑅𝑅

𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (1) = 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(3)

Then, βtz was defined as a sliding contact angle
around tool rotational axis. In the first tool path,
the value of βtz is 180 deg. As a result, the predominant frictional distance slfd can be obtained
from the following formula:
𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (1) = 𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝛽𝛽𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
(4)

In the second tool path or above, depth of cut
ap is substituted by scallop height h in the half
machining region. Hence, the following formulas
can calculate the values of αtz:
𝑅𝑅𝑅𝑅 − ℎ
(5)
𝛼𝛼𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (2) =
𝑅𝑅𝑅𝑅

316

Equations (3) and (4) can be similarly used to
calculate Rtz and slfd in this case. Although a path
interval L/2 is considered in the calculation of βtz,
it is reasonable that the result is regarded as 180
deg. In addition, predominant cutting speed vcs is
obtainable from the following formula:
𝑆𝑆𝑆𝑆
(6)
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (1) = 2𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (1)
1000

where: S is a spindle speed in milling process.
This equation can easily provide vcs(2)
through substituting Rtz(1) with Rtz(2).
On the other hand, filleted end milling with
the variables related to frictional distance and cutting speed is shown in Figure 10. What should be
careful here is that la and lb are necessary before
calculations of the other parameters:
𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎 (1) = (𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃𝜃𝜃
(7)

𝑙𝑙𝑙𝑙𝑏𝑏𝑏𝑏 (1) = (𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃

(8)

𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (1) = 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 cos 𝛼𝛼𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(10)

Then, αtz and Rtz can be obtained using la and lb:
𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎
𝛼𝛼𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (1) = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−1 � �
(9)
𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
A sliding contact angle around tool rotational axis
βtz can be calculated as follows:
𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏 + 𝑙𝑙𝑙𝑙𝑏𝑏𝑏𝑏
𝛽𝛽𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (1) = 2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 −1 �
�
(11)
𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏 + 𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
Accordingly, the predominant frictional distance
slfd is derived from the following formula:
𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (1) = (𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏 + 𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 )𝛽𝛽𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
(12)

The similar manner used in ball end milling
is applicable in the second tool path or above. In
the several calculations of equations (7) and (8),
depth of cut ap is substituted by scallop height h
in the half machining region. After that, αtz and Rtz
can be obtained using equations (9) and (10). In
addition, a half angle of βtz is given with consideration of a path interval L/2:
𝐿𝐿𝐿𝐿
2
−1
(13)
𝛽𝛽𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (2) = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �
�
𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏 + 𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
With the calculation result, slfd is provided as
follows:

𝛽𝛽𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (1)
+ 𝛽𝛽𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (2)� (14)
2

𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (2) = (𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏 + 𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ) �
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Predominant cutting speed vcs is also obtainable
from the following formula:
𝑆𝑆𝑆𝑆
(15)
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (1) = 2𝜋𝜋𝜋𝜋(𝑅𝑅𝑅𝑅𝑏𝑏𝑏𝑏 + 𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (1))
1000

This equation is available for calculating vcs(2)
through substituting Rtz(1) with Rtz(2).
Demonstrations and discussion

As demonstrations, predominant frictional
distances slfd and cutting speeds vcs were calculated based on the experimental conditions. The
tool inclination angle θ was set to 5.0 deg. in filleted end milling. Depth of cut ap was also set to
a half of 0.5 mm in all conditions. The results are
shown in Tables 3 and 4. From these numerical
results, slfd increased with increasing tool radius.
In the second tool path or above, the two parameters increased with increasing h in the all tools.
In the first tool path, the value of slfd in ball end
mill with the tool radius of 3.0, 5.0, or 6.0 mm
was larger than the corresponding value in filleted
end mill. The difference becomes clear more and
more with decreasing the tool radius. This fact
means that filleted end milling with small tool radius enables us to manage the value of slfd in the
low state. Here, we focuses on the ratios of L/2
and slfd(2). They can be rewritten using the conditions as follows: B1b / B1a, B2b / B2a, B3b /
B3a, and B4b / B4a in ball end milling; moreover,
F1b / F1a, F2b / F2a, F3b / F3a, and F4b / F4a

Fig. 9. The variables related to frictional distance
and cutting speed in ball end milling

in filleted end milling. The ratios of L/2 in ball
end milling are 1.409, 1.411, 1.411, and 1.412,
respectively. In contrast, the ratios of slfd(2) are
1.408, 1.411, 1.411, and 1.412, respectively.
From the numerical results, it is evident that the
increasing rate of slfd(2) with increasing h is properly predictable from the increasing rate of L/2 in
ball end milling. In filleted end milling, the ratios
of L/2 are 1.303, 1.360, 1.363, and 1.366, respectively. In contrast, the ratios of slfd(2) are 1.268,
1.251, 1.281, and 1.300, respectively. From these
results, the increasing rate of slfd(2) with increasing h can be roughly estimated from the increasing rate of L/2 in filleted end milling, whereas the
accuracy of estimation decreases in filleted end
mill with small corner radius.
The next attention was drawn to predominant
cutting speed vcs. In ball end milling, the vcs(2) is
less than half of vcs(1) in each condition. Especially, ball end mill with small radius demonstrates
relatively large decrease. On the other hand, the
two cutting speeds have small, discernible differences in filleted end milling. Relatively large difference can be observed in filleted end mill with
large corner radius. The findings mean that filleted end milling enables us to maintain a certain
range of cutting speed vcs even if the machining
state changes to make a designed surface.

CONCLUSION
This study describes the comparisons of path
interval determinations in ball and filleted end milling. Predominant frictional distance and cutting

Fig. 10. The variables related to frictional distance
and cutting speed in filleted end milling
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Table 3. Predominant frictional distances slfd and cutting speeds vcs in ball end milling
Parameters

Cond.
B1a

Cond.
B1b

Cond.
B2a

Cond.
B2b

Cond.
B3a

Cond.
B3b

Cond.
B4a

Cond.
B4b

R [mm]

3.0

3.0

5.0

5.0

6.0

6.0

7.0

7.0

slfd (1) [mm]

5.21

5.21

6.85

6.85

7.53

7.53

8.16

8.16

slfd (2) [mm]

1.71

2.41

2.22

3.13

2.43

3.43

2.62

3.70

vcs (1) [m/min]

14.59

14.59

19.17

19.17

18.08

18.08

19.59

19.59

vcs (2) [m/min]

4.80

6.76

6.20

8.75

5.83

8.22

6.30

8.89

Table 4. Predominant frictional distances slfd and cutting speeds vcs in filleted end milling
Parameters

Cond.
F1a

Cond.
F1b

Cond.
F2a

Cond.
F2b

Cond.
F3a

Cond.
F3b

Cond.
F4a

Cond.
F4b

R [mm]

3.0

3.0

5.0

5.0

6.0

6.0

7.0

7.0

Rcr [mm]

1.0

1.0

1.0

1.0

2.0

2.0

3.0

3.0

slfd (1) [mm]

4.46

4.46

5.75

5.75

7.29

7.29

8.31

8.31

slfd (2) [mm]

2.13

2.70

2.90

3.62

3.33

4.26

3.59

4.67

ves (1) [m/min]

25.22

25.22

42.81

42.81

40.18

40.18

42.77

42.77

ves (2) [m/min]

20.43

21.49

38.03

39.08

33.75

35.03

34.71

36.26

speed were also investigated as tool condition parameters. After path interval determinations were
explained briefly, the characteristics of each procedure were revealed with experimental verifications.
The results of computational procedures showed
good agreement with the experimental ones. Then,
predominant frictional distance slfd and cutting
speed vcs were proposed based on geometrical consideration. The equations were explained to calculate the two parameters in two machining states.
From the comparisons in the first tool path, the value of slfd in ball end mill with the tool radius of 3.0,
5.0, or 6.0 mm was larger than the corresponding
value in filleted end mill. The difference becomes
clear more and more with decreasing the tool radius. The increasing rate of slfd(2) with increasing
h is properly predictable from the increasing rate of
L/2 in ball end milling. In contrast, the increasing
rate of slfd(2) with increasing h can be roughly
estimated from the increasing rate of L/2 in filleted end milling, whereas the accuracy of estimation decreases in filleted end mill with small corner
radius. From the numerical results related to vcs, filleted end milling enables us to maintain a certain
range of cutting speed vcs even if the machining state
changes to make a designed surface.
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Nomenclature
L/2

path interval [mm]

h

scallop height [mm]

R

tool radius of end mill [mm]

Rcr

corner radius of cutting edge in filleted end mill [mm]

Rb

major radius of torus expressing cutting edge in
filleted end mill [mm]

θ

tool inclination angle in filleted end milling [rad]

ap

depth of cut [mm]

S

spindle speed in milling process [min-1]

slfd(n)

predominant frictional distance [mm]

vcs(n)

predominant cutting speed [m/min]

Rtz(n)

radius calculated considering the height of ap on
tool rotational axis [mm]

αtz(n)

angle calculated considering the height of ap on
tool rotational axis [rad]

βtz(n)

sliding contact angle around tool rotational axis [rad]

la(n)

length requisite for the calculation of αtz(n)

lb(n)

length requisite for the calculation of βtz(n)

n

the number of scanning line in tool path
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